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InGaP (GaInP) mesa p-i-n 
photodiodes for X-ray photon 
counting spectroscopy
S. Butera1, G. Lioliou  1, A. B. Krysa  2 & A. M. Barnett1
In this paper, for the irst time an InGaP (GaInP) photon counting X-ray photodiode has been developed 
and shown to be suitable for photon counting X-ray spectroscopy when coupled to a low-noise 
charge-sensitive preampliier. The characterisation of two randomly selected 200 µm diameter and 
two randomly selected 400 µm diameter In0.5Ga0.5P p+-i-n+ mesa photodiodes is reported; the i-layer 
of the p+-i-n+ structure was 5 µm thick. At room temperature, and under illumination from an 55Fe 
radioisotope X-ray source, X-ray spectra were accumulated; the best spectrometer energy resolution 
(FWHM) achieved at 5.9 keV was 900 eV for the 200 µm In0.5Ga0.5P diameter devices at reverse biases 
above 5 V. System noise analysis was also carried out and the diferent noise contributions were 
computed.
In0.5Ga0.5P (Ga0.5In0.5P) is a direct wide bandgap (~1.9 eV at room temperature
1–3) ternary compound with a den-
sity of 4.5 gcm−3 and high X-ray and γ-ray linear absorption coeicients4, 5. Its crystalline lattice parameter nearly 
matches that of GaAs which is commonly used as a substrate material in epitaxy. his allows high quality epitaxial 
growth of relatively thick InGaP-based structures used in optoelectronics, mainly, in visible light emitting devices 
and solar cells. he combinations of the above properties make In0.5Ga0.5P also potentially attractive for applica-
tions as a detector material for X-ray and possibly γ-ray photon counting spectroscopy. Due to their low leakage 
currents, wide bandgap semiconductor X-ray spectrometers can operate at room temperature and above without 
cooling systems6–8. Such high temperature (≥20 °C) operation may provide beneits due to the reduced mass, vol-
ume, and power requirements of such technologies brought by the elimination of cooling systems. Consequently, 
wide bandgap materials are attractive choices for the development of low-cost, compact and temperature tolerant 
X-ray spectrometers that may be useful in space missions9–11, and for terrestrial applications outside the labora-
tory environment, such as industrial monitoring, defence and security, and underwater exploration12, 13. Other 
wide bandgap detector technologies for X-ray spectrometers include SiC6, GaAs7, 14, Al0.52In0.48P
8, 15, 16, AlGaAs17, 
CdTe18–20, and CdZnTe18, 21–23.
In0.5Ga0.5P combines the properties of its binary relations, GaP and InP. Moreover, (advantageously compared 
with AlInP) it does not include Aluminium, which, along with silicon, is a material frequently of interest in plan-
etary X-ray luorescence spectroscopy (XRF). Detectors without these materials are thus desirable in order to 
reduce the complexity of spectral analysis through the removal of these lines from the detector’s self-luorescence. 
Because of the higher X-ray linear attenuation coeicients of In0.5Ga0.5P compared to those of some other wide 
bandgap materials (e.g. GaAs, SiC, AlGaAs, and AlInP), comparatively thinner In0.5Ga0.5P detectors can be pro-
duced to obtain the same quantum eiciency. Further, improved high temperature performance can be achieved, 
not only because of the wide bandgap but also because of the smaller volume of semiconductor material required 
in the detector.
he use of In0.5Ga0.5P for X-ray spectroscopy is a new research ield that may provide innovative X-ray detec-
tion instrumentation with excellent characteristics. he results reported in this paper are the irst detection of 
X-rays with InGaP and the irst demonstration of its suitability for photon counting X-ray spectroscopy. hese 
results are particularly signiicant since GaP and InP were found to be not spectroscopic at room tempera-
ture24–27. 200 µm and 400 diameter non-avalanche In0.5Ga0.5P photodiodes were connected to custom low-noise 
charge-sensitive preampliier electronics developed at our laboratory in order to produce an X-ray spectrometer. 
A system energy resolution of 900 eV at 5.9 keV was found for a randomly selected 200 µm device at reverse biases 
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above 5 V. he work is of potential importance for the development of wide bandgap X-ray and γ-ray spectrom-
eters for planetary and space science missions to extreme environments (such as Mercury, Venus, Jupiter, and 
Saturn), for space science instrumentation to study the near Sun environment, as well as for use in harsh terres-
trial environments.
Results
Two 200 µm (devices D1 and D2) and two 400 µm diameter (devices D3 and D4) In0.5Ga0.5P photodiodes were 
studied in this work; the growth and the fabrication details are given in the Methods section. For the areas of the 
photodiodes not covered by the top contact, X-ray quantum eiciencies (QE) of 53% and 44% were calculated 
at energies of 5.9 keV and 6.49 keV, respectively, using the Beer-Lambert law and assuming complete charge col-
lection in the p and i layers. For the areas covered by the top contact this reduced to 44% and 38%, respectively. 
Considering the portion of top contacts covering the top surfaces of the 400 µm and the 200 µm diameter photo-
diodes, total quantum eiciencies of 50% at 5.9 keV and 42% at 6.49 keV were obtained for the 400 µm device, and 
total quantum eiciencies of 49% at 5.9 keV and 41% 6.49 keV were found for the 200 µm device. he linear atten-
uation coeicients used in the QE calculations were 0.145 µm−1 and 0.112 µm−1 at 5.9 keV and 6.49 keV, respec-
tively4, 5, 28; these values are higher than many other semiconductors such as Si28, SiC4, GaAs4, and Al0.52In0.48P
15, 
but lower than for CdZnTe5, 28. he calculated total QE values are in accordance with those experimentally deter-
mined in the photocurrent measurements with an 55Fe radioisotope X-ray source.
Electrical characterisation. he currents of the In0.5Ga0.5P devices were studied as functions of applied 
reverse bias from 0 V to 30 V in dark conditions, and under the illumination of an 55Fe radioisotope X-ray source 
(Mn Kα = 5.9 keV, Mn Kβ = 6.49 keV). he In0.5Ga0.5P photodiodes were investigated at room temperature in a 
dry nitrogen atmosphere (relative humidity <5%). A Keithley 6487 picoammeter/voltage source was used dur-
ing the experiment; the uncertainty associated with the current readings was 0.3% of their values plus 400 fA, 
while the uncertainty associated with the applied biases was 0.1% of their values plus 1 mV29. Figure 1 shows 
the dark and the illuminated current curves as a function of reverse bias for 200 µm D1 (a) and 400 µm D3 (b). 
Similar results were found for D2 and D4. For all the photodiodes, dark current values < 0.22 pA were meas-
ured across the reverse bias range investigated (up to 30 V) (corresponding to current densities of 6.7 × 10−10 A/
cm2 and 1.7 × 10−10 A/cm2 for the 200 µm and 400 µm diameter devices, respectively). he illuminated current 
measurements were taken when the 55Fe radioisotope X-ray source was positioned 6 mm above the top of each 
In0.5Ga0.5P mesa photodiode. Illuminated currents of 3.5 pA and 7 pA were observed at 30 V for the 200 µm and 
the 400 µm diameter In0.5Ga0.5P photodiodes, respectively. Subtracting the illuminated currents from the dark 
currents, photocurrents of 3.3 pA and 6.5 pA were calculated at 30 V for the 200 µm and the 400 µm diameter 
devices, respectively.
Capacitance measurements of the In0.5Ga0.5P devices were made as a function of applied reverse bias from 
0 V to 30 V using an HP 4275 A Multi Frequency LCR meter. he test signal was sinusoidal with a 50 mV rms 
magnitude and a 1 MHz frequency. he uncertainty associated with each capacitance reading was ~0.12% plus 
an experimental repeatability error of (±0.07 pF); the uncertainty associated with the applied biases was 0.1% of 
their values plus 1 mV30. he capacitance of an identical empty package was also measured and subtracted from 
the measured capacitance of each packaged photodiode to determine the capacitances of the devices themselves. 
Figure 2 shows the capacitance as a function of applied reverse bias for D1 (a) and D3 (b). he results for D2 and 
D4 were so similar as to be indistinguishable from those presented.
he depletion depth (W) of each diode was then calculated by:
ε ε
=W
A
C
,
(1)
r0
where ε0 was the permittivity of the vacuum, εr was the In0.5Ga0.5P dielectric constant (11.7
31), and A was the 
device area32.
Figure 1. Dark (empty symbols) and 55Fe illuminated (illed symbols) current measurements as functions of 
applied reverse bias for the (a) 200 µm diameter, D1 (squares), and (b) 400 µm diameter, D3 (circles) In0.5Ga0.5P 
devices at room temperature.
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Figure 3 shows the depletion depths as functions of applied reverse bias for D1 (a) and D3 (b), respectively. 
he results for D2 and D4 were so similar as to be indistinguishable from those presented.
At low reverse biases, the depletion depth increased as the reverse bias was increased; above 5 V the depletion 
depth remained almost constant in all the diodes analysed, this was due to the i-layer being fully swept-out at 
these biases. At 30 V, depletion depths of (4.0 ± 0.5) µm and (4.6 ± 0.2) µm were calculated from the capacitance 
measurements for the 200 µm and 400 µm diameter devices, respectively.
he doping concentration (N) below the p+-i junction as a function of depletion depth (W) was calculated by:
ε ε
=

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
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where ε0 was the permittivity of the vacuum, εr was the relative permittivity of In0.5Ga0.5P (11.7
31), and A was the 
device area32. Figure 4 shows the obtained doping concentration for a representative 400 µm diameter In0.5Ga0.5P 
device, D3. he doping density in the i-layer was 2 × 1014 cm−3, such value increased to 4 × 1017 cm−3 at the i-n 
interface.
X-ray spectroscopy and noise analysis. X-ray spectra were collected using the 200 µm and 400 µm 
diameter devices and an 55Fe radioisotope X-ray source. As per the photocurrent measurements, the distance 
between the top surface of the In0.5Ga0.5P photodiodes and the X-ray source was 6 mm. A custom-made low-noise 
charge-sensitive preampliier of feedback resistorless design, similar to ref. 33, was connected to each In0.5Ga0.5P 
diode in turn. he signal from the preampliier was ampliied and shaped using an Ortec 572a shaping ampliier, 
the output of which was connected to an Ortec Easy-MCA-8K multichannel analyser. Spectra were accumulated 
with the In0.5Ga0.5P diodes reverse biased at 0 V, 5 V, 10 V and 15 V; a shaping time of 10 µs and a live time limit 
of 100 s for each spectrum were used. Figure 5 shows the X-ray spectra obtained at 5 V with D1 (a) and D3 (b), 
respectively. Similar results were found for D2 and D4.
In each spectrum, the observed 55Fe photopeak was the combination of the Mn Kα and Mn Kβ lines at 5.9 keV 
and 6.49 keV, respectively. Gaussians were itted to the combined peak, taking into account the relative X-ray 
emission rates of the 55Fe radioisotope X-ray source at 5.9 keV and 6.49 keV in the appropriate ratio34 and the rela-
tive diference in eiciency of the detector at these X-ray energies. he In0.5Ga0.5P spectrometer energy resolution, 
as quantiied by the FWHM at 5.9 keV, was studied as a function of detector reverse bias. At 0 V, the FWHM at 
5.9 keV was the poorest obtained (FWHM at 5.9 keV of 1 keV and 1.4 keV were observed for both the 200 µm (D1 
and D2) and the 400 µm diameter (D3 and D4) devices, respectively), this was due to the increased contribution 
Figure 2. Capacitance measurements as a function of applied reverse bias for the In0.5Ga0.5P devices at room 
temperature. (a) 200 µm diameter device, D1 (illed squares); (b) 400 µm diameter device, D3 (illed circles).
Figure 3. Depletion depth as a function of applied reverse bias for the In0.5Ga0.5P devices at room temperature. 
(a) 200 µm devices, D1 (illed squares); (b) 400 µm devices, D3 (illed circles).
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of incomplete charge collection noise which reduced at higher reverse biases. At 5 V and above, the charge col-
lection eiciency was increased (the incomplete charge collection noise decreased) and the FWHM at 5.9 keV 
improved. he peak channel position and the FWHM remained constant at reverse biases ≥5 V, indicating that a 
charge collection eiciency (CCE) of 1 was obtained for each In0.5Ga0.5P device within the bias range investigated. 
At 5 V reverse bias, FWHM at 5.9 keV of 0.9 keV and 1.2 keV were observed for both the 200 µm (D1 and D2) and 
the 400 µm diameter (D3 and D4) devices, respectively.
Noise analyses were carried out in order to identify the diferent noise contributions that contributing to 
FWHM broadening. he spectral resolution of a non-avalanche photodiode X-ray spectrometer is given by:
ω
ω
∆ = . + +E eV
FE
R A[ ] 2 355 ,
(3)
2 2
where ∆E is the FWHM, ω is the electron-hole pair creation energy, F is the Fano factor, E is the energy of the 
X-ray photon absorbed, and R and A are the electronic noise and the incomplete charge collection noise, respec-
tively35. he fundamental “Fano limited” energy resolution (i.e. R = 0 and A = 0) for In0.5Ga0.5P was estimated to 
be 137 eV at 5.9 keV, assuming an In0.5Ga0.5P electron-hole pair creation energy of 4.8 eV (2.5 times the bandgap) 
and a Fano factor of 0.12. his noise contribution takes into account the statistical nature of the ionization process 
in a semiconductor X-ray detector. Since the measured FWHM was bigger than 137 eV, it was essential to con-
sider the contributions from the other noise sources. he electronic noise of the system consists of parallel white 
noise, series white noise, induced gate current noise, 1/f noise, and dielectric noise35–37. he leakage currents of 
the detector and input JFET of the preampliier are drivers of the parallel white noise; whilst the capacitances of 
the detector and input JFET of the preampliier determine the series white noise and 1/f noise35, 36. Figure 6a and b 
show the calculated parallel white noise, series white noise, and 1/f noise as functions of detector reverse bias for 
a 200 µm (D1) and a 400 µm (D3) diameter devices, respectively. he series white noise was adjusted for induced 
gate current noise35, 36. In0.5Ga0.5P devices with same diameters had similar noise contributions.
he parallel white noise contributions were similar for the 200 µm and the 400 µm diameter devices at each 
reverse bias analysed; this was due to similar dark currents in devices of both sizes, as shown in Fig. 1. In contrast, 
the series white noise and the 1/f noise were greater for the 400 µm diameter device compared with the 200 µm 
diameter device; this was due to the greater capacitance measured for the devices with bigger diameter, as shown 
in Fig. 2. he increased FWHM observed for the 400 µm diameter devices can be explained in part by considering 
Figure 4. Doping concentration below the p+-i junction as a function of depletion depth at room temperature 
for a 400 µm diameter In0.5Ga0.5P device (D3).
Figure 5. 55Fe X-ray spectrum accumulated at 5 V reverse bias using the In0.5Ga0.5P devices: (a) 200 µm 
diameter device, D1; (b) 400 µm diameter device, D3.
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the increased series white noise and the 1/f noise contributions. he Fano noise, the parallel white noise, the 
series white noise, and the 1/f noise contributions at 5.9 keV were then subtracted in quadrature from the meas-
ured FWHM at 5.9 keV in order to compute the combined contribution of the dielectric noise and incomplete 
charge collection noise at 5.9 keV. Figure 7 shows the combined equivalent noise charge of the dielectric noise and 
incomplete charge collection noise as a function of revers bias for the spectrometers with the In0.5Ga0.5P 200 µm 
device D1 and the In0.5Ga0.5P 400 µm device D3. Similar results were obtained for the spectrometers with D2 and 
D4.
he combined contribution of the dielectric noise and incomplete charge collection noise (added in quadra-
ture) was greater using the 400 µm devices with respect to the 200 µm devices at all the reverse biases. At 0 V, the 
combined equivalent noise charge was 123 e− rms and 87 e− rms for the 400 µm devices and the 200 µm devices, 
respectively. At reverse biases ≥5 V, equivalent noise charge values of 105 e− rms and 78 e− rms were computed 
for the 400 µm devices and the 200 µm devices, respectively. Since the dielectric noise was independent of detector 
bias35, the diference in the values of the combined equivalent noise charge observed at 0 V compared with those 
at ≥5 V for each device can be attributed to incomplete charge collection noise at 0 V; thus it can be said that at 
0 V there were 64 e− rms and 39 e− rms of incomplete charge collection noise using the 400 µm device and the 
200 µm device, respectively, and that incomplete charge collection noise was insigniicant at reverse biases ≥5 V.
In Fig. 7, the equivalent noise charge at reverse biases ≥5 V was only due to the dielectric contribution; the 
dielectric equivalent noise charge (ENCD) is given by:
=ENC
q
A kTDC
1
2 ,
(4)
D 2
where q is the electric charge, A2 is a constant (1.18) depending on the type of signal shaping
37, k is the Boltzmann 
constant, D is the dielectric dissipation factor, and C is the capacitance35. Using equation 4 and the experimental 
data reported in Fig. 7, an efective combined dielectric dissipation factor as high as (4.2 ± 0.4) × 10−3 was found 
for the lossy dielectrics; it should be noted that this does not correspond directly to the dissipation factor of 
Figure 6. Equivalent noise charge as a function of reverse bias using the In0.5Ga0.5P devices: (a) 200 µm 
diameter device, D1; (b) 400 µm diameter device, D3. In both graphs, the parallel white noise (empty circles), 
the series white noise adjusted for induced gate current noise (empty triangles), and the 1/f noise (empty 
Figure 7. Equivalent noise charge of the dielectric noise and incomplete charge collection noise as a function 
of reverse bias using the In0.5Ga0.5P devices: 200 µm diameter device, D1 (crosses); 400 µm diameter device, D3 
(illed rhombuses).
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In0.5Ga0.5P, rather it is indicative of the efective combined dissipation factor of all dielectrics contributing to this 
noise as it is analyzed here.
he dielectric noise shown in Fig. 7 takes into account a contribution due to the diode itself and a contribution 
due to the other dielectrics in the system. We assumed that the variation in dielectric noise observed between 
the spectrometer with the 400 µm diameter device (105 e− rms) and the spectrometer with the 200 µm diameter 
device (78 e− rms) was only due to the diferent diodes used; such variation was related, using equation 4, to the 
diferent diodes capacitances (2.85 pF for the 400 µm diameter device and 0.82 pF for the 200 µm diameter device, 
as shown in Fig. 2). he contribution of other dielectrics in the system was considered similar in both spectrom-
eters. Under these assumptions, it was also possible to estimate the dielectric dissipation factor of In0.5Ga0.5P: a 
value of ∼6.5 × 10−3 was computed.
At room temperature, the energy resolution (FWHM) at 5.9 keV using the In0.5Ga0.5P devices were not as good 
as the best that have been reported for SiC (196 eV)6 and GaAs (266 eV)14. However, the very good performance 
reported in refs 6 and 14 was in a large part due to the lower electronic noise associated with the preampliiers 
used (particularly due to the direct connection of the detectors to the preamplifer input transistors, compared 
with the use of a discrete wire-ended packaged transistor in the present work) as well very high quality semi-
conductor materials. FWHM similar to those reported here for In0.5Ga0.5P have been recently reported with an 
Al0.52In0.48P detector (FWHM at 5.9 keV of 0.93 keV for a 200 µm diameter Al0.52In0.48P device)
15 where read-
out electronics similar to those used for the In0.5Ga0.5P were also used. he energy resolution achieved for with 
In0.5Ga0.5P photodiodes was better than those previously reported with Al0.8Ga0.2As detectors
17, although the 
readout electronics used for the Al0.8Ga0.2As detectors were not of identical design as those used here. Very nota-
bly, the In0.5Ga0.5P detectors reported here perform signiicantly better than the corresponding binary compounds 
GaP and InP24–27: In0.5Ga0.5P was found to have high enough energy resolution to allow photon counting X-ray 
spectroscopy at room temperature, this is not true for GaP and InP. his paper is the irst report of an In0.5Ga0.5P 
photon counting X-ray spectrometer; improved results, particularly in term of energy resolutions, are expected 
to be achieved in the future with further technology developments.
Discussion
he results reported in this paper are the irst demonstration of an In0.5Ga0.5P X-ray detector and the irst demon-
stration of In0.5Ga0.5P used for a room temperature X-ray spectrometer. Although GaP and InP were previously 
reported to be not spectroscopic at room temperature24, In0.5Ga0.5P has been found to be suitable for photon 
counting X-ray spectroscopy. Under the illumination with 55Fe X-ray source and using custom-made low-noise 
charge sensitive preampliier electronics developed at our laboratory, spectra were collected with 200 µm and 400 
diameter non-avalanche In0.5Ga0.5P photodiodes reverse biased at 0 V, 5 V, 10 V and 15 V. A shaping time of 10 µs 
was used during the experiment. he best energy resolutions (FWHM) obtained at 5.9 keV were 0.9 keV and 
1.2 keV using the 200 µm and 400 µm diameter devices, respectively, at 5 V. No change in FWHM was observed 
at reverse biases greater than 5 V, suggesting that incomplete charge collection noise was insigniicant at these 
reverse biases. he greater FWHM observed with the 400 µm diameter devices compared with the 200 µm diame-
ter devices can be explained considering the increased series white noise, 1/f noise, and dielectric noise contribu-
tions of the larger detector. Since the 400 µm diameter devices had greater capacitances than the 200 µm diameter 
devices, the series white and the 1/f noises were bigger in the 400 µm diameter devices. he parallel white noise, 
instead, was similar between all the diodes analysed due to similar (and very low, <0.4 pA) leakage currents. 
he contribution of the dielectric noise was greater for the spectrometer with the 400 µm devices (105 e− rms) 
than the spectrometer with the 200 µm devices (78 e− rms); this noise contribution was found to be the main 
source of noise limiting the spectrometers energy resolution. Assuming that the variation in dielectric noises 
observed between the spectrometer with the 400 µm diameter device and the spectrometer with the 200 µm diam-
eter device was only due to the diferent diode capacitances, an In0.5Ga0.5P dissipation factor of ∼6.5 × 10
−3 was 
also estimated.
Method
Device structure. he In0.5Ga0.5P structure was grown by metalorganic vapour phase epitaxy on a (100) 
n-GaAs substrate. he substrate’s epitaxial surface had a miscut angle of 10° towards 〈111〉 A, in order to suppress 
CuPt type ordering38–40. he latter phenomenon results in a reduction of the In0.5Ga0.5P bandgap, deterioration 
Layer Material
hickness 
(µm) Dopant
Dopant 
Type
Doping density 
(cm−3)
1 Ti 0.02
2 Au 0.2
3 GaAs 0.01 Zn p+ 1 × 1019
4 In0.5Ga0.5P 0.2 Zn p
+ 2 × 1018
5 In0.5Ga0.5P 5 undoped
6 In0.5Ga0.5P 0.1 Si n
+ 2 × 1018
7 Substrate n+ GaAs
8 InGe 0.02
9 Au 0.2
Table 1. Layer details of the In0.5Ga0.5P photodiode.
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of the In0.5Ga0.5P crystalline quality and surface morphology, and, consequently, may deteriorate the spectral 
characteristics (energy resolution) of the fabricated devices. he InGaP n+ (0.1 µm), i (5 µm) and p+ (0.2 µm) 
layers were successively grown on the GaAs substrate to produce a p+-i-n+ structure. he In0.5Ga0.5P p
+ and 
n+ layers had doping concentrations of 2 × 1018 cm−3. The structure was completed with a highly doped 
(1 × 1019 cm−3) p-GaAs layer to facilitate Ohmic contacting. Chemical wet etching techniques, in particular 1:1:1 
K2Cr2O7:HBr:CH3COOH solution followed by 10 s in 1:8:80 H2SO4:H2O2:H2O solution, were used to fabricate 
circular mesa photodiodes with 200 µm and 400 diameters. Sidewall passivation techniques on the processed 
mesa In0.5Ga0.5P device were not used. Ti/Au (20 nm/200 nm) and InGe/Au (20 nm/200 nm) contacts were depos-
ited on top of the GaAs top layer and onto the rear of the GaAs substrate to form the Ohmic top and rear con-
tacts, respectively. he top Ohmic contacts had annular shapes; they covered 33% and 45% of the top faces of the 
400 µm and 200 µm diameter photodiodes, respectively. he device layers, their relative thicknesses, and materials 
are summarised in Table 1. he diagram of an In0.5Ga0.5P mesa device is shown in Fig. 8; the geometry of the top 
contact is also shown in the igure, the bottom contact covered the whole rear surface of the GaAs substrate.
Data availability. Whilst all data from the study and the indings are contained within the paper, further 
requests for information may be addressed to the authors.
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